Hydrometric, isotopic and hydrochemical data were used to investigate runoff generation in a discontinuous permafrost headwater catchment. Research was undertaken between 10 April and 8 July 2008 within Granger Basin, a 7.6 km 2 sub-catchment of the Wolf Creek Research Basin, Yukon Territory, Canada. The objectives of this research were to utilize hydrometric, stable isotope and hydrochemical methods to: (i) establish water balance components and (ii) couple water balance information with stable isotope and hydrochemical information to provide an enhanced understanding of runoff sources and pathways. The water balance components were snowmelt (152 mm), precipitation (68 mm), evaporation (88 mm), discharge (173 mm) and change in storage (241 mm). The runoff ratio was high compared with previous years in this catchment.
INTRODUCTION
The processes and mechanisms that control runoff generation in northern environments where snowmelt, permafrost and frozen ground predominate have undergone considerable study in the discontinuous permafrost regions of northwestern North America (Dingman 1971; Santeford 1979; Slaughter et al. 1983; MacLean et al. 1999; Carey & Woo 2001; Carey & Quinton 2004 Petrone et al. 2006) . In this environment, snowmelt is the dominant hydrological event, resulting in the bulk of the annual water delivery to the stream in a few short weeks. Streamflow hydrochemistry is strongly altered during this period (MacLean et al. 1999; Carey & Quinton 2004 ; Petrone subsurface pathways in response to climate warming and its effect on DOC have been reported by Striegl et al. (2005) .
There has been an increase in the application of isotopic methods to determine source waters and to improve conceptual models of runoff generation at the hillslope scale in permafrost environments. Pre-event water dominates summer streamflow response in regions with permafrost, yet there is contrary evidence as to whether snowmelt (Cooper et al. 1991 (Cooper et al. , 1993 McNamara et al. 1997) or groundwater supplies the bulk of the streamflow during freshet (Obradovic & Sklash 1986; Gibson et al. 1993; Metcalfe & Buttle 2001; Carey & Quinton 2004) .
Reasons for discrepancies point to the methods of eventwater collection (cores vs. meltwater) and the large heterogeneity in hydrological processes, storage capacity of the soil and the relative permeability/impermeability of soils during freshet.
Our conceptual models of runoff generation in the subarctic are largely based on a few small headwater catchments (Dingman 1971; Chacho & Bredhauer 1983; Slaughter et al. 1983; Carey & Quinton 2004 Petrone et al. 2006) or hillslope/plot studies (Carey & Woo 2001; Quinton et al. 2005 Quinton et al. , 2009 ). There have been few reported studies combining stable isotopes (which do not participate in chemical reactions and provide information on water sources) and dissolved solutes (that do participate in reactions and provide information on flow pathways). This information is important as it provides an improved and refined understanding of runoff processes in this environment. Coupling of the water balance to runoff response is critical, as heterogeneity in process response is extremely high in alpine subarctic environments (Carey & Woo 1998) and accurate determination of the volume of water infiltrating and reaching the stream will help constrain estimates of source water contributions.
The objectives of this research are to: (i) determine the water balance components during freshet and (ii) couple water balance information with stable isotope and hydrochemical information to provide an enhanced understanding of runoff sources and pathways during the critical snowmelt period. This research was conducted within Granger Basin (GB), a 7.6 km 2 headwater within the Wolf Creek Research Basin, Yukon Territory, which has been the subject of considerable process-based hydrological research. It is unique in that it is the first study to combine isotopic and hydrochemical analysis to evaluate snowmelt runoff in this basin.
METHODS

Site description
Granger Basin (60832 0 N, 135818 0 W) drains an area of 7.6 km 2 and ranges in elevation from 1,310 -2,250 m ( Figure 1 ) and is located within the Wolf Creek Research
Basin, a long-term watershed research facility. The climate is continental subarctic, with mean annual precipitation 300-400 mm/yr with , 40% falling as snow. Mean annual temperature is 2 38C with January and July temperatures of 2 17.78C and þ 14. 18C (1971 -2000) .
GB has a geological composition that is primarily sedimentary, consisting of sandstone, siltsone, limestone and congometerate, overlain by till ranging in thickness from centimeters to 10 m (Mougout & Smith 1994) .
Atop the till, soils are capped with a surface organic layer at lower elevations ranging from 0.05-0.3 m. Permafrost underlies much of the catchment, particularly north-facing slopes and upper areas of the basin. Lewkowicz & Ednie (2004) suggest that 70-80% of GB is underlain with permafrost. Only a few scattered white spruce occur at lower elevations as GB is above the tree line. Vegetation consists of assorted willow shrubs at lower elevations with dwarf birch and tundra at higher elevations.
Field methods
The study period was 10 April to 
where Q T is the total runoff, Q p and Q e are the pre-event and event runoff components, and c to the depleted signature of meltwater that typically provides large differences between event and pre-event water (Rodhe 1981) .
To estimate uncertainty associated with pre-event water, event water and streamwater values, it is necessary to determine the systematic and analytical errors of the tracer signatures. The Gaussian standard error propagation technique as outlined by Genereux (1998) was applied:
where W is uncertainty, c is the tracer concentration, f is the fraction of total discharge and the subscripts p, e and T refer to the pre-event, event and streamwater components, respectively.
RESULTS
Snowmelt
Basin-average SWE on 21 April was 152 mm, although there was considerable variability based on slope, aspect and elevation (Figure 2 
Water balance
The water balance for the snowmelt period was defined as
where R is rainfall, M is water released from the snowpack, Q is discharge, E is evaporation and DS is the change in all forms of storage within the basin. All values are determined in mm of liquid water. Discharge was measured directly;
rainfall from a tipping-bucket gauge and M is taken as the daily sum of the SWE decline. Evaporation from bare ground was determined using the Priestley -Taylor method (Priestley & Taylor 1972 ) using a ¼ 1.26 based on values used previously in this basin (McCartney et al. 2006) . For snow, an evaporation (sublimation) value of 0.2 mm/day (Pomeroy et al. 2003 ) was applied to snow-covered areas.
Daily evaporation was calculated as the weighted average of snow-free and snow-covered areas using the two methods above.
Cumulative daily water balances during the study period show that snowmelt is the largest source of water to the system with discharge the largest loss (Figure 2(c) ).
GB gained water, increasing storage, during the initial phase of the study, as snowmelt gains were not offset by losses from Q or E. By 26 May, losses began to exceed gains and storage began to decline. At the end of the study period, there was , 41 mm less water in GB than at the onset.
Water balance components, along with the runoff ratio Table 1 . was estimated using the analytical error associated with with the largest snowfall event of the study period. These trends were observed at Location B, Location C and the outlet to varying degrees and are indicative of characteristically depleted snowmelt water reaching the stream.
Hydrograph separation
Of the major anions and cations analyzed, sodium The source of this water, whether it resides within the catchment prior to inputs (pre-event or old water), or water precipitated on the catchment transferred directly to the stream (event or new water), is the subject of much debate.
In permafrost settings, it is typically thought that low storage capacity and high runoff ratios, particularly during melt, would result in new water dominating the hydrograph.
Results from this study suggest that, for Granger Basin, an alpine discontinuous permafrost catchment, freshet is largely derived from water that existed in the soil prior to melt. This result (23% for While this study and others confirm that old water residing within GB dominates the freshet hydrograph, it is unclear as to how this old water actually reaches the stream as stable isotopes do not provide information on runoff pathways. Runoff processes have previously been studied in GB (Carey & Quinton 2004 McCartney et al. 2006; Quinton et al. 2009 ) and hydrometric evidence suggests that near-surface runoff, primarily flow through organic layers, controls the rate and timing of the snowmelt hydrograph.
In frozen soils, it is uncertain how old water that is largely immobile can be displaced by new event water from snowmelt, which is used in part to describe rapid old-water signatures in more temperate environments (Laudon et al. 2004) . 
